We report a method to fabricate carbon nanotube reinforced Nylon filaments through an extrusion process. In this process, Nylon 6 and multiwalled carbon nanotubes ͑MWCNT͒ are first dry mixed and then extruded in the form of continuous filaments by a single screw extrusion method. Thermo gravimetric analysis ͑TGA͒ and differential scanning calorimetry ͑DSC͒ studies have indicated that there is a moderate increase in T g without a discernible shift in the melting endotherm. Tensile tests on single filaments have demonstrated that Young's modulus and strength of the nanophased filaments have increased by 220% and 164%, respectively with the addition of only 1 wt. % MWCNTs. SEM studies and micromechanics based calculations have shown that the alignment of MWCNTs in the filaments, and high interfacial shear strength between the matrix and the nanotube reinforcement was responsible for such a dramatic improvement in properties. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2179132͔
In order to utilize the extraordinary strength and stiffness of carbon nanotubes ͑usually in the range of 200-900 MPa and 200-1000 GPa, respectively͒ in bulk materials, several researchers have attempted to align CNTs along preferred directions. [1] [2] [3] [4] [5] [6] Almost all of these attempts were made with the infusion of single or multiwalled CNTs, or vapor grown carbon nanofibers ͑CNF͒ into thermoplastic polymers. Infusion was carried out either through a liquid route using sonication, or a dry route followed by melt mixing in an extruder. Alignment of CNTs or CNFs in the composite was enforced by extrusion or spinning, and was accompanied by subsequent stretching. The resulting composites either in consolidated or filament form have no doubt demonstrated improved mechanical and thermal properties. However, the fullest potential of the nanoparticle reinforcements could not be harnessed primarily because of the lack of alignment or failure to develop strong interfacial bonding between nanotubes and the polymer.
In the present investigation, we dry mixed MWCNTs with Nylon 6 powder. The amount of nanoparticle loading was restricted to 1 wt. % beyond which agglomeration prohibited the continuous drawing of filaments. The dry-mixed powder was then melted in a single screw extruder which was followed by distributive mixing, extrusion, stretching, and heat stabilization to continuously draw MWCNTreinforced filaments. In parallel, control filaments were also extruded following identical procedures. The dry mixing of Nylon powder with MWCNTs was performed in a mechanical blender for 3 h. The MWCNTs were obtained from MER Corporation ͑7960 South Kolb Road, Tucson, Arizona 85706͒. The nanotubes were 10-15 nm in diameter and approximately 5 m long, with 5-20 graphitic layers. The MWCNTs had a tube-rich core surrounded by a fused carbon shell. The core volume ranged from 10% to 25%. The distribution of MWCNTs in the as-received materials was around 40%. Commercial grade Nylon 6 was procured from Nymax Polyone. A mechanical crusher was used to produce micronsized powders of Nylon which were then used in the mechanical blender for mixing with MWCNT. The density of Nylon 6 was 1.14 g / cm 3 with a melting point of 215°C. In order to eliminate moisture, the Nylon and CNT mixture was placed into a cylindrical drying chamber. Hot air was supplied to the chamber through an insulated flexible tube using a vortex blower. The dryer was operated for 24 h with temperature set at 90°C. Prolonged heating accompanied with a vortex flow broke up large agglomerates of CNTs if any left after the mechanical blending. Once the mixture was dried, it was extruded through a Wayne Yellow Label Table Top Extruder. Five thermostatically controlled heating zones were used to melt the mixture prior to extrusion. The die zone consisted of a circular plate, a 10 cm long steel tubing with an inner diameter of 4 mm, and the die itself. A distributive mixing of the CNTs within the Nylon was enforced through the use of the circular plate with multiple orifices. A specially designed die was used in the process. The die configuration generated two distinct flow regimes that significantly affected the nanotube alignment. After extrusion, filaments were solidified by passing them through chilled water maintained at approximately 10°C. In the next step, filaments were stabilized by using a Wayne Yellow Jacket Stabilizing unit. The heater temperature was set at 110°C, and the filament travel per minute ͑FPM͒ was adjusted in the Godet stations to allow continuous drawing of filaments. Finally, the filaments were wound on a spool using a filament winder at a winding speed of 70 rpm. Several of these spools were produced.
The thermal stability of the neat and nanophased filaments was characterized by TGA. The weight loss curves as a function of temperature is shown in Fig. 1 . In the present study, 50% of the total weight loss was considered as the thermal decomposition temperature of the system which usually coincides with the peak of the derivative curves indicated in Fig. 1 . It is observed in Fig. 1 that the thermal decomposition temperature of MWCNT-Nylon is around 493°C, whereas that of neat Nylon is only 459°C. This clearly demonstrates that the MWCNT-Nylon system is thermally more stable than the corresponding neat Nylon system. We have also observed similar trends with other nanoparticle-reinforced polymers. [7] [8] [9] [10] [11] Results from DSC are tabulated in Table I . DSC studies allowed determination of glass transition temperatures ͑T g ͒, melting temperatures ͑T m ͒, and heat of fusion ͑⌬H f ͒. It is observed in Table I that the glass transition temperature of extruded Nylon ͑neat͒ has increased from 44°C to 49°C with the infusion of MWCNTs. This increase in T g is evidently due to the presence of MWCNTs which may have imposed restrictions on molecular mobility at an earlier stage. This effect can also be understood in terms of decreasing free volume of polymer. From the concept of free volume, it is known that in the liquid state when free space is high, molecular motion is relatively easy because of the unoccupied volume. As the temperature of the melt is lowered, the free volume would be reduced until there would not be enough free space to allow molecular motion or translation. With the infusion of MWCNTs, this free space is evidently further reduced.
It is also seen in Table I that there is no change in the melting temperature of the two systems. This is confirmed by the close crystallinity of the neat and nanophased systems. The degrees of crystallinity as calculated from melting endotherms and heats of fusion are 24% and 26%, respectively. This is somewhat different than what was found with linear low density polyethylene ͑LLDPE͒ infused with MWCNTs. 5 Tensile tests of individual filaments were carried out to assess the increase in strength and stiffness of the nanophased Nylon. Tests were performed in a regular MTS machine by taking machine compliance into account as per ASTM standard D3379-75. 12 The Young's modulii of neat and nanophased filaments determined in this manner were found to be 1.1 GPa and 3.6 GPa, respectively. Figure 2 shows the stress-strain curves for samples of neat Nylon 6 and MWCNT-Nylon with 102 mm gage lengths. The 2% offset yield strength of the neat Nylon 6 was 35 MPa. The ultimate tensile strength was 125 MPa, and the strain to failure varied from 300% for the longest samples ͑102 mm gage length͒ to 800% for the shortest samples ͑13 mm gage length͒. With the limited displacement travel of the testing system, it was not possible to fail samples with 203 mm gage lengths.
The 2% offset yield strength of Nylon 6 with 1 wt. % MWCNTs was 95 MPa. The ultimate tensile strength and strain to failure ranged from 330 MPa at 19% strain for the longest samples ͑102 mm gage length͒ to 410 MPa at 48% strain for the shortest samples ͑13 mm gage length͒. Presumably the trend of increasing ultimate tensile strength with decreasing gage length exhibited by both materials is due to a statistical distribution of flaws. The probability of sampling a flaw of sufficient size to precipitate failure increases with gage length, thereby decreasing the ultimate tensile strength and strain to failure. Note that for an addition of only 1 wt. % MWCNTs, the strength of the composite material is more than twice that of the unreinforced Nylon which indicates the exceptional load-bearing capability of CNTs and their potential as structural materials. The high value of Young's modulus reported here for the MWCNT reinforced Nylon 6 ͑3.6 GPa͒ is expected given the high degree of alignment of the MWCNT as shown in Fig. 3 ; however, the percent increase in strength of the composite material relative to the neat Nylon 6 ͑Ͼ150% ͒ is surprising given previously reported results for nanotube reinforced polymers and the low percentage of nanotube addition. [13] [14] [15] [16] 4 This large increase in strength suggests that this particular material has exceptionally high interfacial shear strength between the matrix and the nanotube reinforcement, causing an efficient transfer of stress from the matrix to the fiber. Using the method of Cox, 17, 18 the interfacial shear stress i along a fiber is given by
where 1 is the strain in the matrix which is approximated as the overall composite strain, x is the position along the length of the fiber relative to the midpoint, r is the fiber radius, s is the fiber aspect ratio, and n is a dimensionless constant given by
where matrix is the Poisson's ratio of the matrix material. One can estimate the effective nanotube volume fraction ͑f͒ by considering the density of graphite ͑2.25 gm/ cm 3 ͒, 10%-25% core volume, and 40% purity of MWCNT in the 1 wt. % loading fraction. With such calculated values of ͑f͒, and nanotube Young's modulus ͑E fiber ϳ 1.0 TPa͒, the shear stress sustained at the interface between the matrix and fiber at the yield point of the composite ͑as determined by a deviation from linearity rather than an arbitrary offset strain͒ ranges from 70 to 115 MPa. Since yielding of the composite is likely due to yielding of the matrix material and not due to fiber pull-out ͑given the relatively low yield strength of neat Nylon 6͒, this range of stress values represents a lower bound estimation of the interfacial shear strength. These high interfacial stress values indicate the high strength of the bonding between the multiwalled carbon nanotubes and the Nylon 6 matrix. 14 The interface strength and the elastic modus values of the composite shown in the paper are also consistent with the predictions given in Ref. 19 . In this reference it is shown that at the lowest volume fraction ͑Ͻ1%͒ of CNTs, and at an interface strength of around 100 MPa, the elastic modulus of the composite is approximately 3.2 GPa. In our case, the effective MWCNT volume fraction ͑f͒ was around 0.2%, calculated interface strength was between 70-115 MPa, and the corresponding composite Young's modulus obtained was 3.6 GPa.
In conclusion, the methodology described here to produce MWCNT infused Nylon filaments is vastly different from what is described elsewhere in the literature in a variety of ways, including melt extrusion and thermal stabilization procedures. The ultimate effect was in the spectacular enhancement of the mechanical properties of the nanophased filaments. The source of this improvement is attributed to the successful alignment of nanotubes, and the interfacial shear strength developed during the fabrication process.
